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The aim of the nested case-control study reported here was to test the hypothesis that exposure to electromagnetic fields of the type generated by high-voltage power lines increases the incidence of cancer in children aged 0-14 years. The study population comprised children who during at least one of the years 1960, 1970, 1980,1985, 1987, or 1989 had lived in a census ward crossed by a high-voltage power line. The cases were diagnosed from 1965 to 1989 and were matched to controls by year of birth, sex, and municipality. Exposure to electric and magnetic fields was calculated by means of computer programs in which power line charactenstics and distance were taken into account. No association was found between exposure to time-weighted average exposure to magnetic fields and cancer at all sites, brain tumors, lymphoma, or leukemia. Cancer at other sites showed elevated odds ratios in the two highest exposure categories in some, but not all, measures of exposure. This study provides little support for an association between children's exposure to magnetic fields and cancer and no support for an association between leukemia and such exposure, but no firm conclusions can be drawn owing to the small numbers involved. Am J Epidemiol 1997; 145:219-26. electromagnetic fields; leukemia; neoplasms In 1979, Wertheimer and Leeper (1) reported excess mortality from cancer among children living in homes with magnetic fields presumed to be elevated. Three years later, an excess risk of leukemia was reported among workers potentially exposed to magnetic fields (2) . Subsequent epidemiologic research on people living close to electrical installations supports the hypothesis that exposure to weak, extremely lowfrequency magnetic fields may be of importance in the origin of cancer (3, 4) . A recent Swedish study provided support for an association between exposure to magnetic fields from power lines and the risk of childhood leukemia (5) . The controversy about health effects of electromagnetic fields has been centered around whether there is a nonthermal effect on biologic systems (6) .
In Norway, the studies carried out to date have addressed occupational exposures to magnetic fields and cancer (7, 8) . In the present population-based, nested case-control study, we took advantage of the population registration system in Norway. Furthermore, by defining the study population (cohort) as children who had lived in geographic areas crossed by high-voltage power lines, we could assume these lines to be the main source of exposure. The design made it possible to control for factors associated with area of residence, residential stability, and socioeconomic status. The aim of the study was to test the hypothesis that exposure to electric and magnetic fields of the type generated by high-voltage power lines increases the risk of cancer. We investigated childhood cancers in relation to the subjects' calculated exposure to electric and magnetic fields on the basis of data on line voltage, configuration, and historical loads on power lines.
MATERIALS AND METHODS

Study population
The study population (the cohort) comprised children aged 0-14 years who had lived in a census ward crossed by a high-voltage power line during at least one of the years 1960, 1970, 1980, 1985, 1987, or 1989 . A census ward is a geographic area within a municipality, the population of which may range from less than a hundred in rural areas to over a thousand in some urban areas (in 1985, 57 percent of the Norwegian population lived in rural areas). The residences of the population in these wards are spread from close to the power line to several hundred meters and even kilometers away. Wards were selected by comparing maps (scale, 1:50,000) of high-voltage power lines from the Royal Norwegian Forces and maps of census wards provided by the Central Bureau of Statistics. To reduce the data load to a workable level, we selected all lines with a voltage of 45 kV or more in urban areas and only lines with more than 100 kV in rural areas. By use of the selected wards, the cohort was identified from the census files of 1960, 1970, and 1980 and from situation files of the population registry of 1985, 1987, and 1989 , all provided by the Central Bureau of Statistics. In 1989, 168,450 children lived within the selected census wards, representing about 20 percent of the total Norwegian population aged 0-14 in that year.
Cases and controls
The cohort was linked to the Cancer Registry of Norway by the unique 11 -digit identification number, and all cases of cancer among children aged 0-14 years diagnosed from 1965 to 1989 in the cohort were identified. For each case, five controls were selected at random from the cohort according to the following criteria: alive at the time of diagnosis of the case and matched for sex, year of birth, and municipality. For a few cases (fewer than 2 percent), a sufficient number of controls were not available within the municipality and had to be selected from neighboring municipalities. Subsequently, a residential history based on detailed addresses for cases and controls was collected from local population registries in each municipality from as far back as 1952. This detailed information was used to exclude cases and controls who had not been living in the selected wards before the time of diagnosis of the case. A few children for whom a residential history was not obtained and could not be reconstructed were excluded (table 1). By the end of this procedure, each case had from one to five controls.
Cancer registration
Since 1953, all new cases of cancer in Norway have been recorded by the Cancer Registry (9). The system is based on compulsory reporting by hospital departments and histopathologic laboratories. The coding of cancers is based on the International Classification of Diseases, Seventh Edition. The category "brain tumors" includes all tumors of the central nervous system and malignant tumors of the peripheral nervous system. * Cases with no control and controls with no case, t Defined as more than 200 m to a <300 kV line or more than 300 m to a £300 kV line.
Assessment of magnetic fields for cases and controls
Calculated historical magnetic fields were the main basis for classifying study subjects into different levels of exposure. The calculations were performed by a computer program developed at the University of Oslo, in which each vectorial component of the magnetic field was calculated separately. The result was obtained as the root mean square of the components. All high-voltage power lines (11 kV or greater) were considered in the calculations of exposure. Underground cables were not taken into account because they are not believed to be a significant source of magnetic fields. The distance of the addresses from power lines was obtained from local municipality authorities. For the cities of Oslo, Bergen, and Trondheim, die distances were collected by Cancer Registry staff. Distance to the closest lines was defined as the distance on a map from the closest corner of the house to the midpoint between the outer phases of a line. On the basis of information provided by the line owners, the calculations took into account height of towers, distance between phases, ordering of phases, and historical load on the line. Changes of the voltage and configuration of the power lines were taken into account. For dwellings closer than 50 m to a line, the altitude of the home relative to the altitude of the line, as estimated by visit to the address by staff employed by the line owner, was taken into account.
The historical load was estimated as the yearly average and maximal loads in amperes for each year the study subject had lived close to the line. The loads for 1 year were usually based on day-to-day records; if a record was not available, the historical load was assessed by experienced staff members of the power company on the basis of information for nearby lines and present and historical knowledge of the company's transmission and distribution system.
Validation of magnetic field exposure
To acquire more information on exposure to magnetic fields near high-voltage power lines, we performed two separate studies. In a study of 65 schoolchildren living close to a 300-kV power line in the Oslo area, 24-hour measurements were obtained with a personal dosimeter, and the line owner supplied information on current load for the 24-hour period during which the dosimeter measurement was performed (10) . A simple questionnaire provided information on where the child had spent the 24 hours. Children living closer than 50 m to the line were exposed to 0.4-1.6 microtesla (/iT) for 75 percent of the 24-hour period, while children living more than 150 m away from the line were exposed to less than 0.1 /xT 83 percent of the time. For children in the study who attended schools far from the power line, the correlation coefficients between 24-hour calculated fields and measured fields (geometric mean) were 0.98 (Pearson's correlation coefficient) and 0.86 (Spearman's rank correlation coefficient). The results of the study indicate that the calculated magnetic field seems to be a good predictor of actual exposure near high-voltage power lines in Norway.
In another study, yearly, monthly, weekly, and daily variations in load were measured on several highvoltage power lines in the Oslo area (11); relatively stable currents were found on several 300-kV lines followed for 13 years, with a seasonal variation of a factor of about 2-4 (current load high in winter and low in summer). Seasonal variations are, however, not reflected in the exposure measures used in the present analysis.
Assessment of electric fields
Exposure to electric fields at the corner of the residences closest to the power line was calculated from a computer program developed at the University of Oslo. The calculations took into account height of towers, distance between phases, ordering of phases, line voltages, and distance from the residences. Since shielding between the residences and the power lines was not accounted for, the calculated electric field may not be representative of the field inside the residence. No validation was made of the electric fields.
Definitions of exposure
The study protocol called for evaluation of the following exposure parameters: distance to power line, time-weighted average and cumulative exposure to magnetic fields, average maximal exposure to magnetic fields, magnetic field for the year closest in time to diagnosis, and mothers' exposure to magnetic fields at the time of conception. Later and during the analysis, additional measures were taken into account: average exposure to magnetic fields during the first year of life and during the first 4 years of life in relation to cancer in children aged 5 years and above. The latter analysis was done on the basis of knowledge of secondary cancers in children treated for cancer. In a multicenter study of secondary malignancies in children, a particularly high risk was seen among children treated with ionizing radiation before age 5 years (12) .
Various cutoff points for calculated electric and magnetic fields were used to evaluate the effect on disease status. The categories used in the analysis were formed by dividing the subjects into three equal groups. On the basis of the average background exposure levels in a typical Norwegian home, background exposure (reference category) was considered to be less than 0.05 /iT for magnetic fields and less than 25 V/m for electric fields. The subjects exposed above background level of time-weighted average magnetic fields (0.05 /iT) were divided in two groups by use of the median value for the controls. This value (0.14 /iT) was used as cutpoint for all magnetic field exposure indices evaluated in our analysis. A similar procedure was followed for electric fields. In general, the coupling system used in Norway does not produce ground currents; however, parts of Rogaland County and Bergen have a different system, in which ground currents occur more often. To compare the present data with the results of a recent Swedish study (5), we also evaluated exposure to magnetic fields closest in time to the diagnosis (last year with exposure before the diagnosis) with a cutoff point of 0.2 /iT. The results, based on distance from the power lines, included the categories 0-50, 51-100, and 101 or more meters.
Confounders and effect modifiers
Potential confounding by socioeconorruc status (with classification based on the occupation of the father), type of building, and number of dwellings was evaluated by statistical techniques. Linkage to several censuses performed by the National Central Bureau of Statistics provided information on socioeconomic status (collected from the census closest in time to the year of diagnosis, when such information was available) and type of dwelling (allocated to the address positively identified as situated in the geographic area crossed by power lines) for each individual in the study.
Statistical methods
The odds ratio was used as the measure of association between exposure and disease and was computed by logistic regression models for matched sets with the computer package EGRET (13). Ninety-five percent confidence intervals are given. A trend test for ordinal levels of exposure was performed by assigning the scores 1, 2, and 3 to the three levels of exposure.
RESULTS
The person-years at risk of developing cancer during the study period were not calculated, since detailed residence histories were collected only for cases and controls. The demographic information for the 500 cases and 2,004 controls is presented in table 1. Table  2 shows the histologic distribution of the cancer cases.
The results for various cancer sites in relation to time-weighted average exposure to magnetic fields for three groups are presented in table 3. Only 10 cases were exposed to levels above 0.2 /u-T (four brain tumors, two lymphomas, two osteosarcomas, one Wilms tumor, and one testicular tumor). An excess risk for cancers at all sites combined was seen for the intermediate exposure category. Cancers at other sites showed elevated odds ratios in the two highest exposure categories. An excess risk for cancers at other sites was also found for calculated cumulative and average maximal exposure to magnetic fields (data not shown).
No association was seen between all cancers, leukemia, brain tumors, or lymphoma and distance from power line (address closest to line, table 4); an excess risk for cancers at other sites and an elevated odds ratio for lymphomas were seen for a distance of less than 51m.
Cancer risk in relation to calculated magnetic fields closest in time to diagnosis (table 5) showed an increasing odds ratio only for cancers at other sites. Analysis was also done for leukemia and exposure at 0.2 fiT or greater in this exposure category (table not shown), and no excess risk was seen (two cases, odds ratio (OR) = 0.5, 95 percent confidence interval (CI) 0.1-2.2). In an analysis restricted to only one-family houses, no association was seen for leukemia.
Exposure to calculated magnetic fields during the first year of life (table 6) resulted in increasing odds • OR, odds ratio, Cl, confidence interval ratios for cancers at all sites combined and for cancers at other sites. Brain tumors and cancers at other sites, in particular, account for the association seen. Only one child with leukemia had been exposed to a magnetic field of 0.14 /u,T or more during the first year of life. Analysis of mothers' exposure to calculated magnetic fields at the time of conception showed no excess risk for any site (table not shown).
The number of years lived in a magnetic field of 0.05 ju,T or more was also evaluated (table not shown). The results provided some support for an effect of duration of exposure, with elevated odds ratios in the higher exposure category (3 years or more) for all diagnostic groups evaluated. The highest odds ratios were seen for other sites (seven cases, 14 controls, OR = 2. A further analysis was performed to evaluate the cancer risk of children aged 5 years or more in relation to calculated average magnetic fields during the first 4 years of life (table not shown). The risk for cancers at all sites combined showed an increasing odds ratio (p for trend = 0.02), although the highest odds ratio was found for the intermediate exposure group (10 cases, OR = 2.6, 95 percent Cl 1.1-5.8). The odds ratio in the highest exposure group was 1.9 (eight cases, 95 percent Cl 0.8-4.6). Since the odds ratio for intermediate exposure relative to the background level was 2.6, background exposure to magnetic fields during the first 4 years of life was redefined as less than 0.005 fxT, and four exposure levels were evaluated. A positive trend was still found for cancers at all sites combined (p = 0.002), and an excess risk was also seen for the lower exposure category (0.005-0.050 /xT, OR = 1.6, 95 percent Cl 1.0-2.4). For leukemia, this analysis also showed elevated odds ratios in the two highest exposure categories (five cases, OR = 3.3, 95 percent Cl 1.0-11.0; and one case, OR = 2.2, 95 percent Cl 0.2-25.6, respectively).
A relation was found between osteosarcoma and exposure to magnetic fields (magnetic field closest in time to diagnosis, with three cases in the higher exposure category (0.05 /AT or more, OR = 10.9, 95 percent Cl 1.1-107.8).
Adjustment for socioeconomic status and number of residencies (migration) did not affect the associations in the performed analysis. Electric fields were not significantly associated with cancer, and no increasing trend was found for variables for exposure to electric fields.
DISCUSSION
This study provides no support for an association between time-weighted average or cumulative exposure to magnetic fields and childhood cancer (cancers 1,957 at all sites combined, brain tumors, lymphoma, and leukemia), but cancers at other sites tend toward an association. Further analysis showed an association for exposure to magnetic fields during the first year of life and cancers at all sites combined (table 6 ).
The study was conducted within a well-defined cohort, and selection bias was minimized by the use of data based on the personal identification number allocated to all Norwegian citizens and available at the Norwegian Central Bureau of Statistics. The study was not biased by differential recall of past exposure by cases and controls, since the participants were not contacted. None of the selected high-voltage power lines or municipalities had to be excluded, and only a few cases and controls had to be excluded because of an incomplete address identification (table 1) . We were successful in obtaining information pertinent to exposure estimation: All of the relevant data on power lines needed to calculate electric and magnetic fields were available, and misclassifications was probably nondifferential. The urban-rural distribution of the residences and the high proportions of cases and controls from areas outside Oslo indicate that the analysis is based on a data set that represents different segments of the Norwegian population.
The dosimeter study (10) showed that magnetic fields from the power line are the major source of childhood exposure in Norway. In comparison with other countries, such as Sweden, in Norway the contribution of ground currents to magnetic fields in homes is minor because of a different grounding system (insulated from earth).
No personal measurements of magnetic fields were available for the subjects included in our cancer study, although a separate dosimeter study was performed (10) . This may be a weakness of the study, but the findings of a Swedish study indicate that contemporary measured fields are inappropriate predictors of past fields of power lines (5) .
Few subjects are exposed to the higher exposure level of magnetic fields (>0.14 /xT), making it difficult to demonstrate a possible association between magnetic fields and cancer in our study. The distribution of exposures in our study provides only a limited opportunity to discriminate between the effects of different exposure indices. More than 80 percent of the children in the study had lived in only one residence, implying strong associations between the exposure indices. The choice of a relevant parameter for exposure to magnetic fields is difficult when the biologic mechanism involved is unknown. In light of present theories, the traditional monotone exposure-response relation may not be operative.
The most consistently elevated odds ratios in our data were seen for cancers at other sites. Previous studies of magnetic field exposure have yielded mixed results for this site: no association in some studies (1, 14) and elevated odds ratios in others (3, 15) . Cancers at other sites include various diagnoses in different studies, and the results are therefore difficult to compare. Confounding from other environmental factors is a possibility, but no known risk factor for childhood tumors is likely to explain the results, and adjustment in the present and previous studies for factors thought to influence cancer risk in children did not affect the results (3) (4) (5) .
No association was seen for exposure to electric fields and cancer. This measure may be unreliable, since vegetation and the walls of houses shield these fields, making exposure less likely. Hence, children living in houses close to power lines are substantially more exposed to magnetic fields than to electric fields.
A recent reanalysis of two US studies of childhood cancer showed an elevated risk for all childhood cancers combined in relation to grounding currents, supporting the hypothesis that magnetic fields are the mediating factor (16). Our results refer to a population that is rarely exposed to ground currents (less then 2 percent of the Norwegian population).
In previous studies, leukemia has been associated with exposure to magnetic fields, exposure surrogates, or calculated fields (1, (3) (4) (5) . The lack of an association with leukemia in our study may be due to the small numbers involved; in particular, the highest time-weighted average exposure of a child with leukemia to magnetic fields was 0.19 /iT. Elevated odds ratios for leukemia in this study were seen only for children who have lived for more than 3 years in a magnetic field of 0.05 /xT or more and for children aged 5 years and above, in relation to exposure to magnetic fields during the first 4 years of life. A Swedish study with a similar design indicated an association with exposure to magnetic fields in the year closest in time to the diagnosis (5); our study does not support to that finding.
The biologic mechanism for magnetic field effects is not known. It has been suggested that electromagnetic fields act as tumor promoters rather than as initiators (17) , especially since electromagnetic fields are not known to cause chromosomal damage (18) . An effect of electromagnetic fields on cellular signals also has some support (6, 19) . Environmental exposures, such as to artificial light during the newborn's stay in hospital, have been emphasized in discussions of the risk factors for childhood cancers (20) , and magnetic fields from incubators may be another factor of interest. Previous studies of childhood cancer and residential exposure to magnetic fields have not specifically addressed exposure during the first year of life. Our finding of a tendency toward an association for this exposure window may be support for a tumor-promoting effect of magnetic fields (loss of growth control in immature tissue).
The association seen between exposure to magnetic fields and osteosarcoma is particularly interesting in light of the therapeutic use of magnetic fields in bone healing (21) , although small numbers were involved in our analysis. In a transformed osteoblast or osteosarcoma cell, the normal relation between growth and differentiation may be deteriorated. A recent report showed an increased proliferation rate in an osteosarcoma cell line, TE-85, exposed to a combined field of direct current 20 and 40 /i-T 15.3 Hz alternating current (22) .
No firm conclusions can be drawn from this study because of the small numbers involved. Our study provides no support for an association between all childhood cancers, brain tumors, lymphoma, leukemia, and time-weighted average or cumulated exposure to magnetic fields. The risk for cancers at other sites showed a tendency toward an association with years lived in a magnetic field above the background level and with time-weighted average and cumulative exposure to magnetic fields. Mothers' exposure to magnetic fields at the time of conception showed no association with cancer in the children. Analysis of subgroups yielded unstable estimates because of the small numbers involved. An extended subgroup analysis provided some support for an association between early childhood exposure and cancer with an increasing risk for cancers at all sites combined in relation to exposure to magnetic fields during the first year of life. Future research on exposure to magnetic fields in early childhood might be of interest.
